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EFFECTS OF ANISOTROPIES IN ROTARY EXTRUDED LINERS (U)

ABSTRACT

Conical shaped charge liners manufactured by the rotary extrusion
process exhibit a characteristic
It has been determined that this ability to counteract
degradation of the Jet when the round is being subjected to an external

"spin compensation” not found in an

ordinary liner.

rotation is dependent on the manner in which certain crystal planes are
aligned with respect to the surface of the cone. Direct correlation

between the preferred orientation of the plénes and the spin compensation
frequency has been found. In addition, it has been demonstrated that

other factors, such as residual stress, grain shape, etc., do not

influence the compensation rate.

under detonation loading there exists &

It 1s proposed tha
anmmanandt AP anllomas valanddy af +ha Tinan 11 +hat 4 + A4
COmpOonent Ol COii8pS€ VeilOoTiUly OI vuin€ 11her waid UNav 1 t directed

toward the axis of the cone. This tangential component results from

the preferred orientation of the crystal

velocity to the

Ve vy

planes, and gives an

angular

the snoular
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Yaao

external rotation of the round. Experimental evidence 1is

that & metal having a strong preferred orientation will

velocity due to
offered to show

deform anisotropically under detonation loading.
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f an investigation into metal-
lurgical or "built-in" spin compensation in conical shaped charge liners,

and offers an explanation for the existence of this phenomenon. -Spin

mpensation
114 58110
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ompen n 1s
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ability
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of ge to compensate for an
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J
external rotation applied to it, thus allowing the jet formed by the
liner to be normal and unaffected by the external rotation. This
implies that, duri , g
equal and opposite in magnitude to the rotation applied to the system.

1g collapse; the liner ele
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coworkers, 1,2 and extended by the systematic analysis of Eichelberger
3’“. The pressures experienced by the conical shaped charge liner,
during the explosive detonation, were considered high enough to cause
the metal to react as a fluild, and hydrodynamic theory was applied.
The liner collapses toward its axis, where part of the metal goes

forward rapidly as a jJet, and the remaining metal forms a slower moving

for spin-stabilized projectiles having rotational frequencies ranging
from 45 rps to approximately 2000 rps. Under rotation, the jet from

a
r breaks up into parallel ribbons
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of material, as seen in Figure 2. Figure 3 is a curve showing the
penetration depth of & normal liner vs. the frequency of rotation of the

round. The decrease in penetration is directly related to the
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has been recognized for a number of years, and numerous scheme
tried to produce a spin-compensating round. The most successful approach
to date has been the use of liners with fluted inner and outer walls,

5,6

and is currently under development by Eichelberger and coworkers,
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A method used to achieve limiteu spin-compensating frequencies
that does not depend on geometrical changes of the liner was discovered
during the investigation of a manufacturing technique for shaped-charge

cones. The process is known as the "rotary-extrusion" or "shear-forming"

process, and 1s a mechanical modification of the standard metal-spinning
technique. A round blank of metal, slightly cupped in the center, 1is
held firmly sgainst a rotating mandrel (see Figure 4). A circular,
friction-driven, Carboloy tool moves in against the metal blank and
travels down the side of the mandrel, malntaining a preset distance
between the mandrel and the tool edge. The pressure exerted by the

+ha ma
LIIT UIT

ool forces
and a thickness equal to the preset distance. Once the cone is formed,
the excess blank material is removed from the cone base. Critical
factors in the process are: the shape of the tool edge; the velocity
of mandrel rotation; the velocity at which the tool travels down the
mandrel; the blank hardness; the direction of rotation of the mandrel;

and the temperature of the finished cone.

The fact that Jjets from cones manufactured by this process
bifurcated when fired statically, indicated the possibility that spin
compensation was present in the liner. Work by Winn7 showed a‘spin-
compensating frequency of 45 rps, taken from the penetration-rotation
curve reproduced in Figure 5. This frequency is too low for most
applications, but could be useful for speéial slow-spin rounds.
Studies were begun to determine the cause of this "built-in" spin

compensation.

15
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WEER 1. rREvIOUS INVESTICATIONS

A. Methods of Observing Spin Compensation

shaped charge are:
l. Penetration-rotation studies.

2. Flash X-Ray studies of the Jet at different rotation

frequencies.

The first method 1s rather er of rounds

must be fired into targets at each frequency of rotation to determine
the optimum compensation frequency for the point of maximum penetration.
The second method consists of detomating rotating rounds and taki

flash radiographs of the Jets.8 Simon and coworkers used three flash
X-Ray units to photograph the Jet at different times, and showed (by
comparing their results with penetration-rotation curves) that the

spin compensation frequency may be taken as the frequency at which the
jet 1s the least bifurcated.’’ 10 11

B. Results of Previous Investigations

The spin-caompensation frequency of a rotary-extruded liner varies
with the speed of the tool down the mandrel. Present data indicates
that the variation is not linear and that the same speed on blanks
rotated clockwise and counterclockwise produces spin frequencies of

opposite sign but not of equal magnitu.de.l3

A number of experiments
have been performed in the past to determine the mechanism causing this
spin compensation. Following is a brief list of the more significant

results obtalned:

1. An empirical relationship exists between the "angle of twist"
glven to scribe lines placed on the blank before forming, and the

compensation frequency.

2. Manufacturing parameters affect to & great extent the optimum
spin compensation frequency but not the penetration at optimum frequency,

16
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3. Annealing a rotary-extruded cone above 1ts recrystalization
1y

temperature destroys the spin compensation.

4, Electroformed liners spin compensate at frequencies as high as
40 rps when the mandrel on which the cones are formed is not rotated
during forming. Rotation of the mandrel during the electro-forming

operation eliminates the spin C‘mpensation.l5’ 16

5. Metals other than copper also show compensation when rotary
extruded. For instance: Armco Iron shows a compensation frequency of
60 rps under certain manufacturing conditions; brasses compensate, as
do nickel liners. Lead-antimony does not show any compensation when

rotary extruded.lQ’ 17, 18, 19

6. Rotary-extruded liners have a strongly preferred grain
orientation. In single-crystal aluminum liners when the (lOO)
direction lies along the liner axis the results are the same as for
normal liners, but when the < 110D direction lies along the liner
axis, the jet bifurcates.eo’ 21, 22

7. Liners machined from cylindrical bars of copper and given a
23

torsional twist around the cylinder axls show no compensation.

1
A
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C. Theoretical Considerations
A simplified representation of the effect of rotation on the

shaped charge 1s seen in Figure 6, a and b. One element in a cross-
sectional ring from a conical liner is considered. This element will
have a collapse velocity of Vo directed toward the cone axis (Figure
6a). If an external rotation of w is imposed on the cone, each element
in a circular ring will be directed off the cone axlis by an amount

2 *
ar

o

r' = (Figure 6b). 1If all elements perform similarly,

) Vo Cos (O g 6)

the Jet will rotate and separate or bifurcate as it moves toward the
target. The compensation in a liner must therefore be equal and
opposite to the external rotation tc cancel this effect.

Several theories have been proposed concerning the cause of the
built-in spin compensation in rotary-extruded liners. These theories
are discussed in detail in the specific sections dealing with investi-
gations concerning them, but a brief outline of them is presented here.

1. Residual Stress Effect. If a residual stress exists in the

cone, arising from the manufacturing process, and if this stress 1is

properly oriented with respect to the cone axls a greater resistance

to collapse is offered by the stress in one direction. A slight torque
is produced in the liner element which can then compensate for the
rotation imposed externally.

oy - Vo Cos (6 +8)

r
0

In deriving this equation, the relationship

is used, and 1t is assumed that r' T r when wr << Vo Cos (EL%;E).

(See, for instance, the Ordnance Corps Shaped Charge Reports, Volume
1, 1954, or Volume 1-56, 1956; and Critical Review of Shaped Charge
Information, BRL Report No. 905, May, 1954).

=
(o]
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2. Preferred Grain Shape and/or Impurity Distribution. Under
the hydrodynamic theory of collapse, the metal flows without regard
to crystal structure. Since grain boundaries are harder than the

grains at room temperature, an arrangement of elongated grains may
be assumed whereby an "easy-flow" direction exists due to the grain
shape. If this easy collapse direction is properly oriented with
respect to the cone axis, the component of collapse directed off
the cone sxis can provide compensation for a component of collapse
that arises from the external rotation.

of the increased hardness of the impurities compared with the base
metal. Combinations of grain shape and impurities would give rise to

the same effect.

3. Preferred Orlientation Effect. Experiments on single crystals
indicate that different orientation of certain planes to the cone axis
give different effects on jet formation. Consequently the presence of
a preferred orientation of the crystal structure in the rotary-extruded
cones could give the same reaction as the single crystal; that is,

provide a path down certain planes where the deformaticn wave could
move more easily than in the rest of the metal. This would give a
preferred collapse direction and consequently glve rise to spin compen-

sation.

4, Combinations. Combinations of any of the possible causes listed

-above could produce the observed effect. Possibly none of the effects
re

listed are important, and some other mechanism should be considered.

20
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JdBNY 11. EXPERIMENIAL PROCEDURE

AND RESULTS

1

0
An investigation using eleven different lots of cones was conducted

to determine the cause of spin compensation in rotary extruded liners.

Each lot of cones had a different spin-compensation freguency, due to
being formed with a different speed of movement of the tool down the
mandrel. By rotating the mandrel, with the blank attached, clockwise
or counterclockwise when viewed from the base, the spin compensation

was made to occur in either a counterclockwise or clockwise direction
(designated - or+respectively, in the rest of the report). The range

of compensation frequencies in the eleven lots of liners

et G==is L] 2

to +i5 rps as determined by J. Simon. Table I lists some of the
parameters important to the spin compensation effect for the eleven

lots of liners.

The blank material used in the manufacturing process was OFHC
(oxygen-free, high conductivity) copper, 0.250" thick and 3" in diameter.

thickness of 0.090", an apex angle of 45
of 3.25". Figure 7 also illustrates the "angle of twist" mentioned

the displacement at the base of the scribe lines marked on the blank.

o)

of 300°F, even though the cane is cooled during forming. Excess material
was removed from the base of the finished product.

The experiments performed on this problem are reported in the
following sections. The results of the investigations, together with
tentative conclusions are reported in each section, and general con-

.y

ciusions are made under Section IV.
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TABLE I oL
', , Manufacturing Parameters and Properties of Rotary Extruded Copper Liners Investigated ::5:
 m
I—
Cone Lot Mandrel Speed Tool Speed Angle of Cone Mandrel Rotation Spin C!onxpensation"'-,
Letter rpm " /min Tvist(deg.) Temperature F Direction Frequency rps
A 1800 4.83 -15 300 clockwise -25
1y
B 1800 2.67 -10 290 clockwise -20
C 1800 0.78 -4 265 clockwise -8
D 1800 0.75 0 260 counterclockwise +10 4‘
E 1800 1.13 +5.5 235 counterclockwise +10
F 1800 1.78 +10 260 counterclockwise +15
G 1800 2.9 +15 265 counterclockwise +20
H 1800 3.7h +20 285 counterclockwise 22
I 1800 5.67 +25 265 counterclockwise 422
J 1800 11.70 +34 310 counterclockwise +254,
i
K 1800 17.02 +45 310 counterclockwise '
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1. Theoretical. The rotary extrusion process undoubtedly leaves
idual stress in the cone, It should be noted, however, that

e ma oA Op ___
surface temperatures of 300 F are measured even though the cone is being

cooled during forming. Maximum temperatures in the cone are probably
one to two hundred degrees higher. Under such temperature conditions,

ll
present in the lattice.
2l
Carrier and Prager ' concluded that tress necessary to produce
any effect would have to be & residual shearing stress, and analyzed the

effect of this type of stress on the performance of a collapsing ring
taken from the cone as shown in Figure 8, a, b and ¢c. The f

symbols are used:

= length of the section
= radius of the section
= wall thickness

A o D K
]

= residual stress in the wall,
distributed as seen in Figure 8b

P P A P e - o =]
circuiar . CilL a4ald

(3]
]

= density of copper
yleld stress of'copper

= velocity of the shock wave
in the metal

r = distance from the element being

considered to the cylinder axis

< KD
]

It is assumed that:

(a) The residual shearing stresses are not destroyed by shear

ng
waves from another part of the cylinder, because the cylinder collapses
under the influence of a detonation wave that travels with a velocity

faster than the velocity of shear waves.

n
&
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(b) The shearing stress can make itself felt during the
time necessary for collapse of the section.

The shearing stress, T, will then give an angular velocity
® to the element. Since t
and the slug from the rest of the wall, the jet and slug would be

epinning in opposite directions because of the opposite orientation of

he Jet comes from the inner wall of the cone

shearing stresses shown in Figure 8, If { 1s the rotation velocity of
the Jet, the following equation is derived for the Jet element a distance

%o
Q= =
2pVD oV

s (1)

o |e

Applying the equation to a 105mm copper liner, Carrier and Prager
concluded that the residual stresses that might be present in a copper

cone could give a 20 rps spin compensation frequency.

The present authors have assumed that, if a shearing stress
may be retained in the material of sufficient magnitude to cause the
desired effect, a simple analysis will approximate the stress conditions
in the material to at least as high a degree of accuracy as that expected
from the assumptions of Carrier and Prager. Using two-dimensional
elastic theory, a system of stress as seen in Figure 9 1s described by a
polynomial stress function of the fifth degree when certaln substitutions
are.made (See, for instance, Timoshenko and Goodier, "Theory of Elasticity").
The following relations are developed by this simplified approach:

o, = ag (Cy - 2/3°) (2)
o, = 1/3 d5y3 (3)
Ty = -dﬁxy'2 (%)

¥
For a complete description of this analysis, see Reference 2A.

26



stress in the x and y directions, respectivel
-_— ’

where: o¢_, ©
b’

y
Ty = shearing stress in the (x,y) plane
d5 = constant .

The shearing forces are proportional to x along the longitudinal sides

and follow a parabolic law at x = 1,

The equations may be used in residual stress asnalysis only
if it is realized that they apply to changes that take place when the
cone is cut and may not measure the "absolute” residusl stresses. Since
the major stresses present in the cone will probably be 9, and G, and an
apparent ay will develop from the combined stresses upon cutting the cone,
ve may use the procedure illustrated in Figure 10 to analyze the stress
pattern. If the cuts are made carefully to avoid heating, the deflection
resulting in the cut section may be assumed to result from an apparent
normal stress in the y direction. Cuts made in the x and z directions
and strain measurements in those directions will provide information

for obtaining the magnitude of the shearing stress that may be present.

Using the equations:

c vao
[ = .=x= z (5)
X E E \//
g va
Z X
& = F °F (6)
where:
ex = gtrain in the x direction
éz = gtrain in the z direction
E = Young's Modulus = 17 x 106 p.s.i. for copper
v = Poisson's Ratio = 0.35 for copper
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o, 0,, are the stresses in the x and z direction, as before,

and measuring the strains €, and €, the stress in the x direction may

be found. This value is then substituted into equation (2) and, knowing
the position where the measurement is made so that the values for x and

Y are known, the constant d5 may be found. ' This constant i1s then used

to solve equation (4) for the shearing stress, Ty

From this analysis an "order-of-magnitude" value of shearing
stress may be found for comparison with the values of shearing stress

required by the Carrier and Prager analysis.

2. Experimental Procedure and Results. The results obtained in
the st in compensation of the
liner used. This requires either assuming the spin compensation is the
same from the base to the apex of the liner and therefore the residual
stress varies, or the residual stress is the same from the base to the
apex and the spin compensation varies. In either case, results must be
interpreted with respect to the position on the liner at which the

measurements were made.

a. Rosette Pattern Measurements. A preliminary series of

experiments was run to determine the maximum residual shearing stress
in the surface of the cone. A rosette pattern of strain gages, as
shown in Figure 11, was placed on rotary extruded cones from a group
not in the series A-K discussed in this report. Three cuts were made
in the cone and the strains measured after each cut. Three different
cones were tested, and {using a Mohr's circle solution) the residual

stress in the cone surface is determined.

The maximum residual shearing stress determined in this
way is 722.5 psi.

b. Strain Gage Measurements of Vertical and Horizontal Strains.

On the basis of the theoretilcal approach described in the previous
section, and since the rosette pattern measurements indicated the probable

presence of a measurable stress, cones from Lots B, D. and J were tested
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to determine the residual strains in the x and z directions. Cuts were

made in the cone wall to allow measurement of strain with strain gages,

and equations (2) through (6) were used to calculate the shearing

stresses.

In addition, using equation (1) the residual shearing stresses
required by the Carrier and Prager analysis in cones from Lots B, D, and
J may be calculated. '

This work was carried out, and the calculated and measured

values are shown in Teble II.

Teble II

Comparison of Experimental and Theoretical

an 33n1 Qhanedome Qdacamcas { = \
Rcuiduu.l. wilcal Lilg Dtrcuucb‘\'t /]

Cone % Txy Ty Spin

Lot Experimental From Ux Experimental From Carrier and Prager Compensation

B 1130 psi 56 psi 764 psi -20 rps
D 530 psi 27 psi 340 psi +10 rps
J 1560 psi 78 psi 900 psi +25 rps

The values used for these calculations in equations (2) through

~c

X = 1 inch and Y = 0.050 inches.

~~
=

"
B
[y]

Two sources of error are apparent: the first being the two-
dimensional analysis used in the calculations although this will be in
error by a factor of (1 - v2) only; the second 1s the integrating effect
of the strailn gages. The assumption of & load in the Y direction, which
is used to create a shearing stress similar to the one assumed by Carrier
and Prager, requires only & very small load in the cases considered and
introduces no more error than their assumptions. The heating effect on
the cones does not remove all stresses during manufacture, but undoubtedly

reduces them considerebly.
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, The results of the residuual stress investigations indicate
that the shearing stresses are too low to cause the observed spin
compensations. Experimental investigations, reported in the next

section, confirmed these observations.

3. Annealing Experiments to Check the Effect of Residual Stress.
To check the conclusion that the residual stress is unimportant in spin
compensation, a series of experiments was devised to determine the effect

of the residual stresses on spin compensation without actually measuring
the magnitude of the stresses.

During the annealing of a cold-worked metal, three changes
occur in the material: recovery (with polygonization following or
occurring at the same time); recrystallization; and grain growth.
Recovery may be loocked upon as a low temperature re-adjustment of the
atomic structure that effectively eliminates the residual macro-stresses
in the material without changing the crystal arrangement. Therefore,
during recovery, the same preferred orientation and grain shape and
distribution are retained, During recrystallization, new grains and
new preferred orientations are formed, and remaining local microstresses
are eliminated. During grain growth, certain grains become large at the
expense of the rest. Figure 12 is a schematic representation of the
change of macro-stresses in the material with temperature.

During the cold reduction of dead-soft OFHC copper, as occurs
in the rotary-extrusion process, the material attains a near-maximum
hardness within the first 15-20% of the reduction. The hardness 1s
related directly to the residual macro-stresses in the metal, and a
hardness-temperature curve would look very similar to Figure 12. By
proper ahnealing, the residual macro-stresses may be effectively reduced
to zero without changing the material as far as structure, preferred
orientation, etc. are concerned. Annealing cycles were determined for

cones from several lots of liners, and the structure was checked using

-
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X-rays and optical methods tc determine the points where changes
began. From these data, hardness-temperature curves were established
b

1
for several lots of cones. Table III shows the data for cones from

Lot A.
Table ITI
Results of Annealing Liners from Lot A for 1/2 Hour
Annealing Rockwell "F" X-ray and Metallographic Data.
Temperature Hardness
°F
325 85 No change in preferred orientation-
no change in the grain structure or
370 84 impurity distribution
hio0 8L "
460 81 "
500 70 "
525 65 "
545 52 "
Slight change in preferred orienta-
555 50 tion thru break-up of the heavy
density regions; beginning of
575 L7 recrystallization.
600 33 Recrystallization camplete; no trace
' of previous orientation; grain shapes
625 32 and impurity distribution changed.
720 31

The time of the anneal was 1/2 hour at each temperature. The temperature
was controlled within 5 degrees Fahrenheit, and each point represents at
least 5 checks of all changes.

Similar data were taken for cones from Lots H and K, and curves
similar to that shown in Figure 13, of hardness vs temperature, were

plotted.
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Using these data, cones from Lots A, H, and K were annealed at
two different temperatures: a low temperature that would eliminate
the residual macro-stresses without changing the structure, and an
elevated temperature that would change the structure. These two
temperatures are noted for cones from Lot A on the curve in Figure 13.
The cones were then tested to determine their spin-compensation

frequencies. The results were as follows:

(1) The cones annealed below the recrystallization
temperature, to remove the residual stresses only,

showed no change in spin-compensation frequency.

(2) The cones annealed above the recrystallization,
temperature to produce structural changes, showed
a total loss of spin compensation, performing as
normal, deep-drawn liners.

These results were true for all lots of liners tested.

3. Conclusions. From the preceding experiments, the following

conclusions are drawn:

a. The residual stresses make no significant contribution
to the spin-compensation properties of the liner. The spin compensation
appears to be related to a structure property.

b. The residual stresses present'are small in comparison to
those needed to produce a spin-compensation frequency of the magnitude
observéd. It should be pointed out that for residual stresses to affect
the spin compensation of a liner they would have to be of such a
magnitude as to give the cancellation of spin frequency during the time
of the collapse on the liner, and their effect should be felt before

the liner reaches the Jet axis.

c¢. Shearing stresses in a spun liner of the type discussed
would produce a variable spin frequency from base to apex, unless they
vary linear%& from base to apex themselves; neither was observed.
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Since the spin compensatioc.. is apparently assoclated with a
structure property, the effects of grain size and shape, impurity
distribution, etc. were investigated and are discussed in the next

section.

C. Metallographic Examination

1. Theory. The metal flow during the forming process causes a
reorientation and change in shape of the grains in the metal, and a
redistribution of the impurities and grains with respect éb the
surfaces of the cone. An analysis of the metal flow has been made
which indicates that the relative movements of the material near the
two cone surfaces are in opposite directions, and that the material
between the two surfaces is under the influence of a severe shearing
force. Plastic flow during the reduction of the thickness of the
blank, and the forming of the cone, carries material down the mandrel
(Figure 4), but the reorientation of the grain structure in the cone
is opposite to that which would be expected to result from the friction
between the tool and the copper blank. The copper has been reduced
60% in the forming.

By assuming that the collapse of metal in the liner under
detonation loading will follow, to at least a slight degree, the path
of least resistance, paths of weakhess'were looked for metallographically.
Since the grain boundaries are normally considered regions of high
strength campared to the grains, at room temperature, it is possible
to imagine an arrangement of gralns such as that shown schematically
in Figure 14, where easy collapse paths are present along the grain
boundaries or along the grains. This would give a preferred flow
direction to the element of liner as it collapées, so that a component
of the collapse would be directed normal to the radius vector. This
component would cause a rotation to be given to the metal as it
collapsed. It is not important that the macro-effect of this tangential

37

<



eI T T T
ALY
//ﬁ[wu«umi@\ \>
3, //:_’\\\ i
W . h

\\\)& AN, )
YA
]
_ L
g
Vi
||
|




flow carry thru the cone wall, since any initial tangential flow will
probably persist through the collapse process. Surface effects could
create the necessary tangential component of velocity if they are

strong enough.

Similarly, the alignment of non-metallic inclusions, which are
harder than the base metal, could create difficult and easy paths of
collapse which would cause a rotation in the jet. Any physical change
1n.the arrangement of the metal substructure that produced paths of
easy collapse would offer an explanation for the "built-in" spin
compensation found in shear-formed liners. In the following sections
these factors are investigated by metallographic methods and the

results are noted.

2. Experimental Procedure and Results.

a. Graln Structure. Metallographic studies were made of the

cones fram each lot, using standard techniques and etchants. Longitudinal
and transverse samples were teken in different places on the cones to
insure adequate coverage. Figure 1l5a, 1s a photomicrograph of the blank
metal before forming. Figure 15b, shows the structure of a cone at the
outer surface, and Figure 15c, is a micrograph of the same cone 3/& ths

of the wall thickness from the outer surface. All micrographs were

taken from transverse sections. Referfing to Figure 15, it will be seen
that the cone forming process has deformed the outer surface of the cone
very heavily. The elongated grains seen in Figure 15b, are representative
of all cone lots., The structure of the cone metal near the inner wall
shows the effect of the deformation, but the effect is slight compared

to that near the outer wall. Between the two types of structure repre-
gented by Figures 15b and c; there 1is a transitionAregion from the very
heavily worked metal to the more normal structure and it 1s difficult

to determine the exact separation line between the two regions.
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The depth of the heavily worked region varies fram one lot
of cones to the next, as may be seen in Table IV. These measurements
include the transition zone, the thickness of which is more variable
than the outer zone of heavily distorted grains. The depths are_plotted
in Figure 16 as a function of spin compensation frequency. ’

Table IV

Combined Depth of Cold Worked Layer and Transition Zone in Spun Liners

Cone Lot Depth of Layers Spin Frequency
(inches) (cps)
A 0.030 =25
B - .020 -20
C .019 -8
D .022 +10
E .026 +10
F .030 +15
G .050 +20
H .036 +22
I .036 +25
J .039 +25
K .0kl +35

To determine the effect of this cold-worked region on the spin-
compehsation frequency, as compared to the normal structure in the
rest of the cone, metal was removed from the outer and inner surfaces
of cones from different lots, and their spin-compensation frequencies
determined., Results from these tests are reported for Cone Lot H in
Table VIII. The results are also typical of those from the Lots A and
K.
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Effect on Spin Compensation Frequency
of Removing Metal from Liners of Lot H

Treatment Spin Frequency
(cps)
a. Normal, no metal removed from either wall +22

b. 0.015 inches metal removed from the outer wall  +22
c. 0.030 inches metal removed from the outer wall +22
d. 0.020 inches metal removed from the inner wall 0 to +5

e. 0.030 inches metal removed from the inner wall 0

While the loss of the outer, heavily-worked regions in the
cones has no apparent effect on the spin-compensation frequency, the loss
of metal from the inner wall completely removes the spin-compensation
effect,

b. Other Observatlons.

No consistent variation of any other parameter with the
spin compensation frequency was observed using metallographic techniques.
Although the cones are reportedly OFHC copper, there is a large amount
of copper oxide distributed throughout the metal. A consistent pattern
of distribution of the oxide was not observed to change with spin compen-

sation frequency.

Under heavy etching with 1:1 HN05, a series of strain
lines were observed that followed the pattern formed on & cone when a
network of lines is scribed on the blank, as deécribed previously.
Again, no useful variation of these strain markings was observed from

one lot of cones to another.
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3. Conclusions. The following conclusions are drawn from the

results of the metallographic investigation:

a, The heavily cold-worked layer on the outer surface of
the cones from a given lot does not causé "built-in"
spin compensation.

b. The presence of inclusions or strain-flow markings does

not contribute to spin compensation.

c. Residual shearing stresses do not produce spin compen-
sation since the removal of metal from the outer and
inner walls has different effects.

d. The spin compensation probably arises from an intrinsic
property of the metal, such as a variation in crystal-
lography, since the removal of the metal from the inner

surface decreases the spin compensation.

With the above 1n mind, a systematic lnvestigatlion of the
crystal structure was carried out, using X-ray diffraction techniques.
This investigation is reported in the following section.

D. Preferred Orientation Studies

1. Theory. Copper is a face-centered cubic material, having
no known low-temperature or high-temperature allotropic transformations.
The only variation possible in a polycrystalline specimen is the lack
of complete randomness in the orientation of the grains of the metal,
If the grains are of similar orientations, a number of planes of the
same type will lie in a preferred direction with respect to the surface.
This "preferred orientation" may be studied thru the use of X-ray
diffraction techniques, These methods depend upon very precise
experimental work for measuring intensitles of diffracted X-ray beams,

The specimens used are either small solid cylinders of metal,
machined from the section to be studied, or flat specimens. Both

back-reflection and transmission patterns are usually taeken with the

Ll
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ens to ‘7 renge of angles between X-ray

beam and the specimen., Figure 17 illustrates the technique used,
where an X-ray beam impinges on a metal specimen and the beam diffracted

from an atomic plane satisfies the Bragg relstionship of
n\ = 24 Siné (7)
where A = wave length of the X-rays
d = spacing between atomic planes
6 = angle of diffraction between the X-ray beam and the
atomic plane
atomic pl
n = an integer, generally 1 in this work

The diffracted X-ray beam either passes through the specimen, giving a
transmission pattern on an X-ray film suitably placed, or is reflected
back from the plane to an X-ray film through which the X-ray beam ha

passed originaelly, giving a back-reflection pattern, as shown in Figure
17. The experimental arrangement depends on the various values of the

e 9, will ¢
spot on the X-ray film. If there is random orientation of the grains

in the metal covered by the area of the X-ray beam, a cone of diffracted
from all of the
making the angle © with the X-ray beam, will cut the X-ray film in a
circie. This diffraction ring will have uniformiintgggity for random

if the atomic planes tend to be oriented in

one direction, the intepgiiy will becoge greater in one part o

ring and legg at others. Therefore, -the varlation of the intensit
around the diffraction ring is a suitaple measure of departures from

randomness in the distribution of the crystal orientation in the
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When a metal has undergone plastic flow, the random orientation
of the grains is generally destroyed and the grains try to align
themselves in some configuration that depends on the crystal structure
of the metal and the nature of the deformation process. The manner in
which a given atomic plane is aligned with respect to some axis iﬁ the
specimen 1s called the "texture pattern", and this pattern is consistent
for all specimens of a given metal if conditions of deformation are held
constant.

Since metal deformation under standard conditions follows
definite directions on specific crystal planes, a preferred orientatidn
or "texture" in a plece of metal determines the mode of failure of that
specimen. This accounts for preferred flow directions in worked metals,
and could possibly explain the presence of a preferred flow direction
in the rotary-extruded liners that exhibit spin compensation, if the
metal deforms crystallographically under detonation loading. Evidence
that the crystal structure influences collapse of & liner was found in
the firings of single-crystal liners mentioned in Section II - b of
this report. The presence of a preferred orientation of a plane along
which the metal flows easily in the cone wall could produce a tangential
camponent of metal collapse giving rise to spin compensation, as
discussed in Section II and following the schematic in Figure 14, The
magnitude of the rotation will depend on the

d
flow component imparted to the material forming the jet.

magnitude o
It was therefore necessary to determine the following:

a., If a preferred orientation, or texture pattern, exists in
the copper liners, and, if it does;

b. The variations of the orientation with position in the
cone, (if any).

c. The variation of the amount of preferred orientation with
the spin-compensation frequency, (if any).

d. An explanation for the flow patterns that could arise from
the preferred orientation.
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2. Experimental Procedures and Results. The techniques/used in

examining the preferred orientation in these liners differ from
standard quantitative practices for a number of reasons, most of which
are concerned with the nature of the specimen under study. Since the
{111} plane is the slip plane in copper (see Figure 18) under normal
conditicna,'it would be best to work with this plane. However, to do
so, transmission diffraction patterns would have to be used, which
would necessitate the use of very thin specimens or special back-
reflection techniques would have to be employed.

Since several hundred X-ray shots were necessary for surveying
the cones from each lot, it was impracticable to prepare special
specimens involving lengthy etching. The specimens could not be
machined, since this would impose cold work on them and alter the
surface layers being studied. The curved surfaces of the specimens
cause a broadening of the diffracted X-ray beam, and any attempt to
flatten a specimen out from the cone would naturally change‘the results,
In addition, the technique of using a cylindrical specimen machined
from the cone wall would remove the possibility of determining any
change in orientation from the outer to the inner cone wall. Therefore,

the following procedure was used in this study:

a. Collimated Crﬁzradiation—waa used in the back-reflection
technique., Measurements of intensity and angles were made with a
microdensitometer on the {220} plane, hereafter referred to as the {uo}
plane.

b. The specimen holder held the entire cone, and allowed for
three-circle adjustment - i.e., rotation of the cone about three axes,
Longitudinal and lateral rotation of the specimen about mutually
perpendicular axes thro the point where the X-ray beam hit the cone
was provided for, the two axes forming an orthogonal, triaxial system
with the X-ray beam as the third axis.
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¢. Cones from different lots were X-rayed at various points
on the surface of each cone, Material was then etched from the outside
of the cone and the process repeated.

d. Pole figures (plots of the texture pattern, or preferred
orientation, as it varles around the axial system described in b above )
vwere plotted for selected points in different lots of cones.

e. All varisbles, such as development of the X-ray film, etc.,
were maintained constant from experiment to experiment.

f. Intensity measurements were made on the film to determine
if a numerical correlation between preferred orientation and spin
frequency existed.

g. Intensity absorption correction data were determined for
the X-ray diffraction pictures taken at various angles of incidence
between the X-ray beam and the specimen.

(1) Survey of the liner surface.

Initially, & cone from Lot A was examined at 0.004"
below the surface. X-ray patterns, with the X-ray beam at normal
incidence to the liner surface, were made every 60° around the cone and
every 1/2" from the base to the apex. The patterns obtained were
similar in all cases except very near the base of the cone and at the
apex. Cones fram other lots were checked ét six points on the surface
and no change in the pattern of the individual lots was found from one
point to the next on a given liner.

(2) Survey of different lots of liners at normal incidence.
A point one inch from the base of a liner was chosen
as the standard region to be examined, and normal incidence X-ray
diffraction patterns were made of Cone Lots A through K at this point,
0.004" below the outer surface. A preferred orientation of the {110}
plane was found in each cone which was different for each cone lot,
Figure 19 shows the diffraction rings for cones from several lots of
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liners. It may be seen that the intensity varies around a given ring
with distinct maxima and minima. The diffraction rings were laid off
as seen schematically in Figure 20, where the angles 51 & 52 represent

e horizontal to the points of maximum intensity on

e

either side of the diffraction rimg. Table VI shows the data for the
X-ray observations taken with the incident beam of X-rays perpendicular
to the liner wall. The columns labeled "Intensity Spread" indicate
the width of the regions of maximum intensity. " ( I8, - I8, )" 1a
the difference in intensity of the two intensity maxima observed on

the film. The units of intensity measurement used are percent light;
transmitted through the film; corrected for background film density.
Therefore, the greater the intensity number, the weaker the diffracte

beam of X-rays, or the lighter the film.

A correlation is readily seen be

compensation frequency and { I5, - I8, ) . This is plotted in Figure

1 2
21 and discussed in a later section.
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Tabli. VI

Intensity Data from Normal Incidence X-ray Patterns

1 Intensity 82 Intensity I&l - 152 Spin Comp.
_ Spread _ Spread Frequency
° + 10° 0° + 2° -8 -25 rps
5 0 +2 -3 -20
0 + 2 -15 + 2 - -8
0 +2 +15 +2 +1 +10
+2 +15 + 2 + 3 +10
+2 +15 + 2 + 5 +15
+ 2 0 +2 +6 +20
+2 -10 +10 + 7 +22
+2 -10 +10 +9 +25
10 +2 -20 +5 +10 +35
+5 -4 +5 -1 0
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(3) sStudies of cone Lots A, C, and K at different depths
from the outer surface.

Normal-incidence X-ray patterns were taken at various
depths fram the outer surface, using cones from Lots A, C, and K.
Table VII shows the results from these experiments. Several observations
may be made concerning the preferred orientations:

(a) The region of strongly preferred orientation

changea from one side of the diffraction ring to the other as X-ray

ges
patterns are taken fram the outer to the inner wall of the liner,
reaching & point where no further change takes place in the inner part

of the cone wall,

[}

(b) Cones showing considerable spin compensation
also have regions of randomly oriented metal in the outer half of the
cone wall,

(c) Cones showing little spin campensation have no
region of random orientation. For instance, the cones fram Lot C
show a reversal in orientation maxima at 0.015" below the outer

surface,
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Table VII

Data from X-ray Diffraction Pé.tterns Taken at Various Depths from
the Outer Surface

Cone Depth from 8, Intensity 6, Intensity I3, - I8,
Lot Outer Surface +  Spread ~  Spread = =
X 0.004" 0° +2°  -10° #10° +10
0.010 0 +10 -10 +10 +6
0.020 -10 +10 +20 +10 -1
0.030 -5 +10 +15 *+5 -7
0.045 +10 +10 +15 +5 -7
n L ' Fal ' Va 11 2 PR ~ ir 4
0.005 +1U Y i T = |
0.085 +10 +10 - 415 +5 -7
~ A~ AL .-r\o N ro 1!.-0 . no L]
C U, VL4 +1V ] -1 T < - 4
0.015 +10 +5 -15 +5 + 2
0.025 +10 +5 -15 +5 +2
0.040 +10 +5 -15 +5 +2
0.060 +10 +5 -10 , +5 +2
0.080 410 +5 -10 +5 +2
A 0.00L¥ 0°® +10° o +2° -8
0.010 0 +10 0 +5 -7
0.020 0 +10 0 +10 -2
0.030 +20 +5 0 +10 +5
0.045 +15 +5 0 +10 +6
0.065 +15 +5 0 +10 +6
0.085 +15 +5 0 +10 +6
Deep o.o04" - 4° +59 -8  +5° -1
Drawn 0.040 -4 +5 -8 *5 -1
Liner
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(4) vVariations in orientation around & point.

Work reported previously was of the survey type,
and all X-ray patterns were made with the beam at normal incidence
to the cone wall, with the cone axis in a verticle plane. 1In this
section are reported the results of performing rotation studies;
i.e., the cone is8 rotated in 5 degree steps about each of two axes
through the point where the X-ray beam strikes the specimen. One
axis in the specimen holder allows rotations to the right or left
of normal, while the other allows rotations above or below normal.
The resultant data may be plotted on a stereographic net and will
represent the concentration of the poles of the plane under study
at any angle to the cone surface, where the stereographic net
represents that surface. These plots are discussed in Part 4 of
this Section.

On rotating the cone above and below normal; little
change in the intensity distribution was observed. Rotating to the
right or left of normal changed the intensity until the distribution
between the two maxima became equal. Two ebservations were made on
rotating to the right or left of normal (about a vertical axis):

(a) The points at which I8, and I8, are greatest
occur 55 to 60° apart in all cases.
(b) The maximum valued of I5. and I8  occur
L P
approximately 300 to the right or left of the angle at which I&l=152.
In surveying different cone lots, the angle of equal

delen cmmaod

intensity of IBl and 162 was found and then one of the maxima was

checked. These data are reported in Table VIII.

T
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Table VIII
Back Reflection X-ray Date on Equal and Maximum
Intensity Distribution for the {110} Plane

Cone Angle of % Transmission for: Angle at which
Tot  Deptn I0p,Mex Ib,Max Ip, 16, - Il Isl Ip, = I8,

A 0,004" 25.30°R 20-25°L 8 7.0 22,0 14.0 5-10°R

A 0.065 20-25R 30 L 4.5 4.0 9.0

A 0,075 20-25R 25-30 L 4.5 4.0 8.5 9.2 5- T°R

A 0,085 20-25R 25-30 L 4.0 3.5 7.0 8.0 o- 3°r

B 0.046 20-25 R 25-30 L 3.5 3.8 6.0 7.5 3- 5°L

C 0,040 20-25R 25-30 L 11.5 12.0 16.0 18.0 0- 3°L

F 0.040 30 R 20 L 6.5 6.0 15.5 13.0 5°R

J 0.040 35 R 20 L 10.0 19.0 5-10°R

K 0.004 20 R 30 L 3.0 5.5 8.0 18.0 lO-lSoL

3. Discussion of Results and Conclusions from X-Ray Studies. The

X-ray data were obtalned under as accurate conditions as could be main-
tained. Calibration curves, correction factors, etc., were determined
and applied to the data. All measurements on the film were made with a
micro-densitometer and all films were given the same develorment
treatment. Inaccuracies in the results occur from two sources: (1) small
differences between film series that may show up as large differences

in reading the films; (2) the specimen shape introduces errors in making
X-ray measurements, and rotations of the specimen greater than 50 degrees
are prohibited by absorption differences.

However, since the work involved necessitated the use of the
original specimen, and goniometric techniques were not readily adaptable
to the problem, the techniques used were considered good enough for

qualitative comparisons. Interpretation of the various experiments




follows, with conclusions.

,,,,,

(1) Data fram Intensity Measurements on Cones A through
K. Referring to Table VI and Figure 21, the change in intensity around

the back-reflection rings in Cone Lots A through K may be campared on
the basis of two intense regions found on the rings. The two regions
are referred to by the angles 81 and 82 defined in Figure 20. The
variation in these intense regions may be seen in Figure 19 for the
different cone lots in the normal-incidence diffraction patterns taken
Just below the outer surface of the liner. The deep drawn liner, '
which shows no spin compensation, has regions of almost equal intensity
d 52.

t 8.
a 61 an

Figure 21 is a plot of the difference in intensity
in the two regions, (Iﬁl - 152), for the normal incidence X-ray patterns,
as a function of the spin-compensation frequency. A linear relationship
is found that is well within the experimental errors encountered in the
flash-X-ray determination of spin frequency and the intensity measure-

ments on the diffraction rings.

(2) Intensity Changes from the Outer to the Inner Wall,
Table VII and Figure 22 show the change in (IBl - I52) for a given

cone, from the outer to the inner wall, for normal incidence studies.

The change for cones having little or no spin compensation 1s very
slight, as seen for Cone Lot C. For liners showing large spin compen-
sation, the change is linear to the point where the intensity differences

become constant.

(3) Comparisons with Maximum and Equél Intensities, Table
IX and Figure 23 show the ratio IGJ/I& max as & function of spin compen-

sation frequency for the various cone lots where I5) 18 the maximum
intensity of the diffracted beam, with the X-ray beam perpendicular to
the cone wall, and I® max 1s the maximum intensity found for the dif-

fracted beam. Figure 24 is a plot of the angle at which I8, = IS5, vs
s e 1 2

60
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the spin compensation frequency. Figures 23 and 24 show linear re-
lationships of intensity data with spin compensation frequency for the
{110} plane, within the limit of accuracy of the measurements.

r

Table IX

Data on the Variastion of Intensity Ratios for Different Cone
Lots and Different Depths in the Cone Wall

igie I6l'l'/ml max I'ZL/IS’ max giﬁ:? 222?5226
A 2.0 2.75 0.004"

A 2.25 1.80 0.075"

A 2.30 1.89 0.085"

A 2.29 1.75 0.090"

B 1.97 1.72 0.046"

C 1.50 1.39 0.040"

F 2.12 2.39 0.038"

K. 3.27 2.67 0.005"

K 2.33 2.85 0.065"

b. Conclusions from the data

LVl v L

The following conclusions may be drawn from the data

reported above:

(1) The spin-compensation frequency of rotary extruded
liners is a function of the concentration of '{110} planes oriented
at a given angle to the surface. Stated another way, as the spin-
compensation frequency increases, the difference in intensity of the
two maxima found on the diffraction ring increases, indicating the
dependence of spin compensation on the grouping of a given plane in

one position.

£
(oL, ]



(2) The metal flow in . liner during the forming
process 1s opposite and unequal at the outside and inside surfaces
of the liner. The difference in flow between the two surfaces causes
a difference in orientation of the intensity maxims from the inside to

the outside surfaces. -

(3) Since the ratio (IQL/Ib max), and the angle at
which I8 = IB vary linearly with spin frequency, it would appear
that the more nearly the {110]» plenes lie in the plane of the
surface, and the heavier the concentration of planes at a given angle

near the surface, the higher the spin fregquency.

4, Pole Figure Studies. By rotating the specimen in 5 degree

steps ebove and below normel, and to the left and right of normal, as
reported in this Section, Part 2-d, the variation in the concentration
of -(110}- planes around a given point is obtained. Due to the
limitations imposed on the system by the specimen shape, rotations
above 50 degrees from normal are not meaningful. By plotting the
concentration of the poles of the {JLlO} planes on a stereographic
net, where the plane of the net represents the surface of the specimen,
a picture 1s built up of the angular relationships between the { 110}
planes (or poles) and the specimen surface. This has been done for
Cone Lots A and X at points 0.010" and 0.085" below the outer surface

of the cone, and the results may be seen in Figure 25 a, b, c, and d.

» These figures may be read as follows: The circle represents
the plane of the specimen and the X-ray beam is striking the specimen
perpendicular to this surface. From the center of the projection to
an edge represents 90o of arc. The dashed circle on the projections
represents the basic diffraction ring of the ‘{110} planes when the
X-ray beam 1s perpendicular to the specimen.

The heavy cross-hatched areas represent the highest concen-
trations of poles of { 110} planes at the angles to the specimen
surface that are measured from the center of the projection to the

65
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cross-hatched area, using a stereographic net. The areas on the
projection with parallel lines through them indicate pole concen-
trations less than half of that found in the heavily hatched areas.
Unmarked reglons represent areas where concentrations of {110}

poles are practicelly zero.

It is interesting to note the lack of symmetry in these
figures. Normal {110} pole figures of cold rolled copper would
show a symmetrical distribution of heavy and light concentrations of

{110}' poles to the specimen surface, largely due to the fact that
more than one slip system operates in metal deformation. Under the
conditions of deformation observed here, restrictions in the defor-
mation mode cause concentrations of poles in specific sections without
regard to symmetry relationships. The center regions of the pole
figures are not filled in with experimental data (indicated by the
dashed lines) but are assumed to follow the data near the center.

Poles have been placed on the Figures 25, c and 4, to
conform with relationships between planes in a single crystal, the
single crystal plot being an léggi pole figure since all of the poles
of the different planes are concentrated at specific points. In
addition, the ideal {lll} pole relationships have been superimposed
on the figures, and are represented by the triangles. Since the (lll)’
plane is the slip plane in the metal under normal loading, it has been
assumed that the (111) plane is still the slip plane under detonation
loading.

In the case of cone Lot A, it can be seen in Figure 25c¢ that
two { lll} poles occur at hSo and 46° to the surface, but in Cone Lot
K, Figure 25d, only one pole is found to be 45° to the surface, while
the other {lll} poles are at 50° and 62° respectively. These
results may be interpreted as follows:

The {lll} pole at 45 degrees to the surface, which is the
pole of a plane (90-45) = hSO from the surface, offers an easy path
for collapse of the liner under the detonation loading, providing

70
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the path necessary to create a tangeniial collapse component as discussed

b

previously in the Theory Section, II-c. In the case of Cone A, however,
there are two 11111 poles lying at 45 and 46 degrees to the surface,
and consequently two {lll} planes cut the surface at an angle (9 - &
of the pole), or 45° and 44° respectively. It may be argued that the
detonation wave moving down the liner surface observes one of the {lll}
planes at the proper angle and collapse starts down that plane. But

the other plane at 44° feels the effect of the pressure on the surface
and some flow will start down it. These two camponents of flow are
cancelling, to a degree, reducing the overall effectiveness of the
preferred collapse process. Any orientation that allows one plane to
carry most of the collapse process glves more spin compensation, and
cone Lot K has only one plane at 45 degrees, while the other plane is

located at 40 degrees to the surface.

This is an oversimplification of the problem. The quali-
tative nature of the data restricts complete analysis as to the proper
8lip direction in the slip plane. At the present time, however, that
is not necessary if it can be demonstrated that a metal will collapse
crystallographically, or deform along crystallographic planes under
detonation loading. This has been attempted, and results from one
such experiment are reported in the next section.

E. Determination of Deformation Mode of a Copper Single Crystal Under
Explosive Impulse
1. Experimental Procedure. If the implications in the sbove

analysis are correct, it should be possible to deform single crystals
with explosives and observe the deformation process taking place
along crystaellographic directions on certain crystal planes. To
determine whether or not this is true, a simple experiment in
impulsive loading of & single crystal was undertaken, the results

of which are described here,

T1




Referring to Figure 26, a single crystal cylinder of copper,
2.8" outside diamter and 1 1/4" long, with an inside diameter of
0.75", was loaded with an explosive charge in the center, and
detonated fram one end. Figure 27 shows & recovered section of the
cylinder after the detonation. The following data were recorded in

the experiment:

a. Framing camera pictures were taken observing the end of
the cylinder as it deformed. The framing speed was approximately lO5

frames a second.

b. Back-reflection Laue X-ray pictures were made of the
specimen, before and after deformation, at the same point on the
crystal.

c. Measurements were made on the change in shape and the

change in orientation of the crystal due to the deformation.

2. Results. Figure 28 is a stereographic plot of the poles of
the {lOO} s {110} » and {111} planes in the crystal before and
after deformation, as determined by X-ray analysis. The end of the
single crystal cylinder lies in the plane of the paper, the specimen
axis lying directly in the center of the plot. The poles would cut
the surface as indicated. It may be seen that a rotation of the
poles about the specimen axis has occurred during the deformation
process. This may be interpreted in another manner; the specimen axis
has rotated its position with respect to the poles of the planes in
the single crystal. This i1s what would be expected if the metal failed
along crystallographic planes. Figure 29 is a plot of the specimen
axls in a standard cubic stereographic projection triangle, before and
after deformation. The movement of the specimen axis is similar to
that movement which 1s expected under normal loading conditions.

Matching fractured surfaces in the deformed crystal, 1t can

"

be seen that metal flow has taken placé in such a manner as to "square

up" the cylinder, as seen in Figure 27. There are two stress fields
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of importance in the de
through release waves, resolved in a direction parallel to the cylinder

axis; and (2) tangential tensile forces in the cylinder wall due to

the internal pressure. These produce crystallographic flow and
fracture.

after the deformation. Using the stereographic plots, the intersections
of the {lll} planes and the cylinder surface were placed in position
on the cylinder end. Flow along these { lll} DPlanes under the combined
stresses would reduce the cylinder walls at the proper places, building
them up at the points noted in the pictures, and tending to form a

square.

3. anclusions. While the above discussion is an over-simplication
of the analysis involved, the following conclusions can be deduced

/ Voot = - edama an ~ a and oo 2 de An o 1"
{(applying to the given set of experimental conditions used

a. Crystallographic flow begins early in the deformation
process.
b. Flow occurs predaminantly along the {l;l} Dlane in the

r...1 - e e an _ - -
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. IV. SUMMERY \

The causative relationship between spin compensation in rotary-
“-extruded liners and the asymmetric orientation of the grain structure

in the metal is evident fraom the experimental results. It is also

clear that the mechanism described for the deformation of the liner
metal under the explosive impulse will result in a tangentiel component
of the collapse velocity and consequently in a tendency for spin
campensation. The model presented, however, does not explain in what
manner the angular momentum of the liner 1s conserved during the process.

A somevhat different approach to the model of the phenomenon is
perhaps more convenlent for the purpose of considering conservation of
angular momentum. The preferred directions of deformation resulting
from the grain orientation can be described in an entirely equivalent
fashion as an orientation of the shock pulse traversing the oriented
grains., If the transfer of energy takes place more rapidly along close
packed atomic planes than along those In which packing is less dense,

& highly localized orientation of the shock wave takes place which will
be governed by the degree and direction of the grain orientation.

Furthermore, the orientation of the initial compressive shock traversing
the metal will be preserved upon reflection from the free inner surfaces

of the liner in the reflected tension wave.

A net change in angular momentum of the liner material cannot be
effected during the time required for the initial compression wave to
traverse the liner fram outer to inner surface, since there is no other
portion of the system to which momentum can be transferred. On the
other hand, when the reflected tension wave arrives at the outer
surface of the liner, having, at least in a highly localized sense, a
tangential component of velocity, & transfer of angular momentum to the
surrounding gaseous products of detonation can be expected. Furthermore,
the diréction of the angular momentum transfer to the gases will be
opposite to the change in angular momentum of the liner metel. In this

™
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way, & net change in the angular momentum of the metal w
effected and, consequently, the angular momentum of the system as
whole conserved.,

A similar mechanism of transfer of angular momentum has been
proposed for fluted liners having flutes on the 1nner’surface only.25 _
As in the case of the rotary extruded liner, there is no apparent
mechanism by which angular momentum can be transferred prior to the
arrival of the reflected tension wave at the outer surface of the liner.,
In the case of the fluted liner, the orientation of the reflected tension
wave 18 produced by the asymmetric fluted geometry of the inner surface.
As in the case of the rotary-extruded liners, liners having flutes on
the inner surface only have been observed to produce only relatively
small spin-compensation frequency. This observation is entirely
reasonable in view of the attenuation of the product gases during the
time required for the initial compressive shock and the reflected tension
wave to traverse the wall of the liner. Under these conditions, the
surrounding gases will have lower density than immediately
passage of the detonation wave énd would presumably be capable of
absorbing less angular momentum. In addition, the attenuation of the

tend to limit the magnitude of the compensation frequency attainable.

In the case of liners having flutes on the external surface, the
transfer of angular momentum to the product gases can take place immedi-
ately upon arrival of the detonation wave at a cross-section of the
liner, since the orientation of the shock reflected into the product
gases is effected by the external geometry of the liner. Consequently,
it would be expected, as observed, that liners having asymmetric
external geometries would produce higher compensation frequencies than

either liners having only internal flutes or rotary-extruded liners.

Experimental support for the mechanism proposed is obtained from
two short experiments in which the velocity of propagation of deformation

(0]
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waves in single crystals have been measured. Unpublished results by
Messrs. Hauver and Moss, of the BRL, have noted the following results

for the deformation wave velocity:

(1) Single Crystalline Copper Specimen.

-

(100) type plane perpendicular to the deformation wave:
V = 4.65 mm/ps

~
<
)
~—r

Single Crystalline Copper Specimen.

(211) type plane perpendicular to the deformation wave:

the effect being explained 1s also small, so that the correlation is not
unreasonable.
me_ s e D o e - ek i mead 2 e = mmcad o el memen e Lonmondh o mmnn2donm e
l0E Becondad source 01 sBupporv 1s & BEricp Ol exporimciaivs conuuc wu

by Mr. J. Simon of BRL on liners made by rotary extrusion and having
flutes on the interior_surface.zb In this experiment, 1t was observed

the c?

B

the frequencies to be expected from the rotary extrusion process alone
and from the flutes alone, indicating that the total tangential com-
resultant of the components

arising from the two separate mechanisms.

In conclusion, it is concelvably possible to increase the spin
compensation rate of rotary extruded liners if a heavier concentration
of planes can be formed at the proper angle to the cone surface. By

proper processing of the blank material used in forming the cones, &
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However, attempts to do this will be delayed until experimental
evidence 18 obtained concerning the practical limitations imposed on the
system by the difference in shock velocities between crystal planes and

the polycrystalline metal.
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DA Proj No. 503-04-009, ORD ProJj No. TB3-C134
<JI IS Report

Conical shaped charge liners manufactured by the rotary extrusion process
exhibit a characteristic "spin campensation” not found in an ordinary liner. It
has been determined that this ability to counteract degradation of the Jet when
the round is being subjected to an external rotation 1s dependent on the menner in
which certain crystal planes are aligned with respect to the surface of the cone.
Direct correlation between the preferred orientation of the planes and the spin
compensation frequency has been found. In addition, it has been demonstrated that
other factors, such a8 residual stress, grain shape, etc., do not influence the
conrpensation rate.

Performance
Shaped charges - Design

It is proposed that under detonation loading there exists a component of
collapse velocity of the liner wall that 1s not directed toward the axis of the
cone. This tangential component results from the preferred orientation of the
crystal planes, and gives an angular velocity to the collapsing cone elements that
campensates for the angular velocity due to extermal rotation of the round. Ex-
perimental evidence is off'ered to show that a metal having a strong preferred ori-
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C. M. Glass, M. K. Gainer and G. L. Moss

BRL Report No. 1084 November 19%9

DA Proj No. 503-04-009, ORD Proj No. TB3-0134 -
IR Report

Conical shaped charge liners manufactured by the rotary extrusion process
exhibit a characteristic "spin compensation” not found in an ordinary liner. It
has been determined that this abllity to counteract degradation of the Jjet when
the round is being subjected to an external rotation is dependent on the manner in
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Direct correlation between the preferred orientation of the planes and the spin
compensation frequency has been found. In addition, it has been demonstrated that
other factors, such as residual stress, grain shape, etc., do not influence the
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collapse velocity of the liner wall that is not directed toward the axis of the
cone. This tangential component results from the preferred orientation of the
crystal planes, and gives an angular velocity to the collapsing cone elements the*
compensates for the angular velocity due to externsl rotation of the round. Ex-

entation will deform anisotropically under detonation loaﬁ.
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perimental evidence is offered to show that a metal having a strong preferred ori-
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